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The recent work of Anholt on K-vacancy production by relativistic projectiles has been applied
to calculate the stopping power of the K electrons. The results show that for protons of energy
-10 GeV and heavy target elements, the relativistic contributions to the stopping power
amount to several times the results due to the longitudinal terms obtained from Walske's work.
In his classic article on the theory of energy losses,
Fano' gives the following formula for the stopping
power of matter: dE 4mz e NBdS mv2 (2)
tivistically. By writing the stopping power in the form
dE 4~z e NZ1 2m' +ln
dS mv2 I I —p2
C
—p ————gZ 2
where
B = XB((HI, rt() = Zln 2m lfI
and
C = XC,(,, rt, ) = Cx + Cr. +
—C, (3)
(4)
where the first three terms in the large parentheses
grouped together give back Bethe's relativistic formu-
la and the remaining terms C/Z and —,8 are correc-
tions due to the inner-shell electrons and the density
effect of the target, respectively. The inner-shell
corrections were first calculated by Walske by treat-
ing both the incident and the target particles nonrela-
Walske had computed the values of the stopping
number Bfor various elements for low-energy pro-
jectiles with qJ(, and qL each ranging from 0 to 2.0.
In (3) and (4) i denotes the index for the tth atomic
shell (i =K,L,M, . . .), g, = mv2/2Z2rr describes the
incident energy and 8& is the screening parameter
TABLE I. Stopping number B~ for K electrons of Ni.
E~ (GeV) Longitudinal Transverse Spin-flip Total
0.942
0.946
0.958
0.968
0.979
1.08
1.51
2.20
2.96
3.84
6.83
100.0
500.0
1000.0
1500.0
0.2
0.4
1.0
1.5
2.0
6.0
15.0
20.0
22.0
23.0
24.0
24.459
24.461 3
24.461 4
24.461 41
0.076
0.330
1.30
1.99
2.54
4.85
5.93
6.20
6.28
6.32
6.36
6.38
6.38
6.38
6.38
1.18 x 10~
1.56 x10 5
2.87 x10 5
8.93 x 10~
1.9Q x1Q 3
2.79 x10
0.28
0.74
1.16
1.55
2.45
6.78
9.39
10.52
11.17
5.74 x 10~
4.37 x10 5
4.74 x 10~
1.26 x10
2.48 x 10
2.69x1Q 2
0.11
0.16
0.18
0.19
0.20
0.21
0.22
0.22
0.22
0.076
0.330
1.30
1.99
2.54
4.90
6.32
7.10
7.62
8.06
9.01
13.37
16.00
17.12
17.77
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TABLE II. Stopping number B~ for K electrons of Pb.
E~ (GeV) Longitudinal Transverse Spin-flip Total
0.973
1.034
1.169
1.373
1.746
2.82
4.70
14.43
36.26
52.98
100.0
500.0
1000.0
1500.0
0.2
0.5
1.0
1.5
2.0
2.5
2.7
2.8
2.810
2.811
2.8116
2.8119
2.8119
2.8119
0.043
0.332
0.932
1.43
1.81
2.11
2.22
2.27
2.276
2.277
2.277
2.277
2.277
2.277
5.03 x10 5
1.89x10 3
2.11 x10 2
8.30x10 2
2.35 x10 &
0.67
1.22
2.52
3.60
4.05
4.80
6.70
7.52
8.00
3.04 x 10~
5.38x10 3
3.86x10 2
0.12
0.30
0.76
1.29
2.45
3.38
3.76
4.40
6.01
6.71
7.11
0.043
0.339
0.938
1.63
2.35
3.54
4.73
7.24
9.26
10.09
11.48
14.99
16.51
17.39
which essentially equals the ratio of the observed ion-
ization potential to the "ideal" ionization potential
for the ith shell. By considering only the longitudinal
interaction, Walske's B~(8;,q, ) is given as
Bi(8(, q() = J~ WdW
min
~
I'
'0iF„,(g) i2 (5)
"e,.„-a'(4„, g'
where F„,i(Q) is the inelastic form factor for the ex-
citations of the target atom due to "static interac-
tion" with the projectile. Recently, Anholt4 has for-
mulated the problem of K-vacancy production by
high-energy protons taking into account both the re-
lativistic nature of the interaction and the inner-shell
electrons. It is the purpose of this Brief Report to
apply Anholt's formalism to Walske's original calcu-
lations in order to evalutate the contribution of the
TABLE III. Stopping number B~ for K electrons of U.
Ez (GeV) Longitudinal Transverse Spin-flip Total
0.983
1.04
1.10
1.26
1.38
1.64
2.13
2.91
7.83
10.00
100.00
117.4
500.0
1000.0
1500.0
0.2
0.4
0.6
1.0
1.2
1.5
1.8
2.0
2.2
2.21
2.231
2.2319
2.2320
2.2320
2.2320
0.037
0.196
0.415
0.861
1.06
1.32
1.55
1.68
1.79
1.80
1.81
1.81
1.81
1.81
1.81
1.07 x 10~
1.84x10 3
8.27 x10
4.96x10 '
9.38x10 2
0.21
0.45
0.77
1.83
2.09
4.51
4.68
6.20
6.92
7.35
4.4]. x 10~
4.23 x10
1.44x10 2
6.45 x10
0.11
0.23
0.45
0.74
1.73
1.97
4.21
4.37
5.76
6.43
6.82
0.038
0.202
0.438
0.975
1.26
1.76
2.45
3.19
5.35
5.86
10.53
10.86
13.77
15.16
15.98
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TABLE IV. Stopping number BL for L electrons of U. spin-flip terms, respectively, and are given by
L - (3Q + W) QA 3,
E~ (GeV)
0.96
0.98
1.0
1.2
1.5
2.0
5.0
10.0
15.0
100.0
500.0
1000.0
0.11
0.20
0.29
0.95
1.48
1.90
2.35
2.41
2.42
2.43
2.43
2.43
Longitudinal
1.95
4.70
6.91
15.81
20.01
22.21
23.90
24.09
24.13
24.15
24.16
24.16
(pZa)'(1 —Q;Jg) W
(1 P2gm, /g)2 4
PZa 1 Qmin/g g2 (3Q(1-P'Q /Q)' 4
ZA
2
'2 -1
1+(W —1)
2
'2'-1
2' exp (—2/k tan ' [2k/( Q + 1 —k~) ]}
3[1—exp( —2w/k) ] [(Q —k~+1)~+4k2]"
W =k2+1
do Se d2
dWdg gkZ4 Q2
(6)
where L, T,Sstand for longitudinal, transverse, and
relativistic effects to the stopping number BI[. In a
previous investigation, 5 the effects due to the internal
structure of the proton at such energies had been
found to be negligible, therefore, in the following, we
shall exactly follow Anholt's work which regards the
incident proton as a point charge.
By using semirelativistic Darwin wave function for
the atomic K electron and the Moiler scattering for-
mula, the ionization differential cross section ob-
tained by Anholt4 may be in atomic units written as
a is the fine-structure constant and Z stands for the
screened effective charge. Since the stopping number
Bis given by
B=)t'.™xWd. (8)
min
therefore, in Anholt's formalism, we have
Bx —— , Jl Wd'dW
gk Z min
x )I dg 2 (L+ T+S)
min
where the expression with the term L alone should
reproduce Walske's results. Numerical integration
for Bk has been carried out for the elements 0, Al,
Ni, Pb, and U and we report three of them in Tables
I—III. Furthermore, we have also extended the nu-
10.0, ,
5.0-
2.0-
I.O-
CO
0.5-
0.2-
O. IQ9[.0 [GO
Ep (GeV]
lOGO [000.0
FIG. 1. Stopping numbers vs the proton energy E for protons incident on U. The solid line represents the longitudinal contri-
bution; the dashed line the transverse contribution; and the dashed-dotted line the spin-flip contribution.
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merical results of BI. for L-shell electrons according
to Walske's expression3 (which considers only the
longitudinal interaction) to higher incident proton en-
ergies. These results are given in Table IV. For the
computation of the screening parameters for each of
the elements, we have employed the table by Bear-
den and Burr. '
The results for B~ for U are shown in Fig. 1. We
see that for such a heavy element, the transverse,
and spin-flip effects are comparable and each
predominates over the longitudinal effect at proton
energy -8 GeV. At 1000 GeV, these effects togeth-
er amount to 88% of the total 8~ and are about
seven times the longitudinal contribution. However,
from Table IV, we see that the longitudinal contribu-
tion alone due to the eight L-shell electrons is already
greater than the total Bk for all energies. We also see
that the longitudianl contributions have the property
that they level off at high incident energies. It will be
interesting to calculate the contribution of the
transverse and spin-flip terms for the L-shell elec-
trons. Work is in progress in this direction at
present.
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